Objective: Obesity in adolescence is associated with increased cardiovascular risk. The patterns of obesity and body composition differ between boys and girls. It is uncertain how body composition correlates with the cardiovascular system and whether such correlations differ by sex in adolescents. Methods: Body composition (fat-free mass (FFM), adipose mass, waist circumference (WC)) and cardiovascular parameters and functions were studied in 676 healthy Korean adolescents aged 12-16 years. Partial correlation and path analyses were done. Results: WC correlated with stroke volume (SV) and cardiac output (CO), systolic blood pressure (SBP) and pulse pressure (PP), cardiac diastolic function (ratio of early to late filling velocity (E/A ratio)), and vascular function (pulse wave velocity (PWV)) in boys. Adipose mass was related to SV, CO, SBP, PP, left ventricular mass (LVM), and PWV in girls -and to E/A ratio in both sexes. FFM affected SV, CO, SBP, and PP in both sexes and LVM in boys. Cardiac systolic functions had no relation with any body composition variable in either sex. Conclusion: In adolescence, the interdependence of the cardiovascular system and the body composition differs between sexes. Understanding of those relations is required to control adolescent obesity and prevent adult cardiovascular disease.
Introduction
Studies in youths have found that obesity is associated with cardiovascular disease (CVD) risk factors and strongly predicts CVD in adulthood, suggesting that the pathophysiological processes underlying CVD begin early in life [1, 2] . Adolescence is a transitional period between childhood and adulthood in which rapid physical growth, sexual maturation, and cardiovascular changes occur. However, little is known about the relative contribution of obesity-related body composition variables to CVD risk factors or about the existence of any sex differences in such relations in adolescents.
Obesity is known to induce an increase in blood flow (stroke volume (SV) and cardiac output (CO)) to achieve an elevated metabolic rate, thereby leading to an increase in hemodynamic load both on the heart and vessels [3] . In obesity, increased blood flow and inadequate vascular resistance are likely to cause hypertension, which is an important CVD risk factor [4] . Hypertension and increased blood flow may lead to left ventricular (LV) hypertrophy in obese persons [5] . This structural change is likely to cause an impairment of ventricular filling, resulting in cardiac diastolic dysfunction. In addition, long-standing pressure and volume overload may cause cardiac systolic dysfunction [6] . Obesity can also result in vascular dysfunction through hypertension and diverse neurohumoral effects.
Studies in adults have suggested that the obesity-associated CVD risk is related primarily to increased adipose tissue mass [7] . Central adiposity seems to be especially deleterious because of the metabolic characteristics of fat stored in the intra-abdominal visceral compartment [8] [9] [10] . Being overweight is also associated with increased fat-free mass (FFM), which represents metabolically active tissue [9] . FFM is also known to be correlated with cardiovascular parameters including SV, CO, blood pressure (BP), and LV mass (LVM) [12] [13] [14] .
To evaluate the sex-specific individual effects of body composition variables on the cardiovascular system in adolescents, we examined the relations of FFM, adipose mass, and waist circumference (WC) with cardiovascular parameters (SV, CO, LVM, and BP) and functions (systolic and diastolic function, pulse wave velocity (PWV)), using partial correlation and path analyses.
Material and Methods
Participants This is a school-based, cross-sectional study of adolescents living in Seoul, South Korea. Parental reports of the participants' medical histories indicated that all subjects were apparently healthy and were taking no medications that might influence the results. We excluded subjects with congenital heart disease, significant valvular stenosis, or regurgitation on echocardiographic examination.
All participants and their parents provided written informed consent. The institutional review board of Ewha Womans University Medical School approved this study.
Anthropometry and Blood Pressure
Body weight was measured with calibrated electronic scales, and height was measured with a stadiometer. WC was measured using a metal anthropometric tape at the midway point between the lowest rib and the iliac crest in a standing position at minimal respiration. BMI was calculated. BP was measured 3 times in the supine position after 10 min of quiet rest, using an automatic oscillometric method (Dinamap Procare 200; GE Medical Systems, Milwaukee, WI, USA).
Body Composition
FFM, adipose mass and the percentage of body fat were estimated by bioelectric impedance analysis (BIA) (InBody 720; Biospace Co., Ltd., Seoul, South Korea), using the equation in the BIA software [15] .
Echocardiography
Echocardiographic evaluations were performed according to the recommendations of the American Society of Echocardiography [16] , using phased-array echocardiographs with M-mode, 2-dimensional as well as pulsed and color-flow Doppler capacities (Acuson Sequoia C512; Siemens, Munich, Germany). Echocardiographic images were obtained with the subject in the left partial decubitus position. The LV internal dimensions and septal and posterior wall thickness were measured at the end of the diastole and the end of the systole from M-mode tracings in the parasternal long axis. The diameter of the aortic annulus was measured in the parasternal long-axis view. Doppler transaortic flow was assessed at the center of the aortic annulus in the apical long-axis or 5-chamber view. Doppler transmitral blood flow was measured to determine early (E) and late (A) diastolic peak filling velocity and the E/A ratio. For each participant, a representative value was obtained from the average of 3 measurements.
SV was calculated as the aortic annular cross-sectional area × the aortic time-velocity integral. CO was derived as SV × heart rate (HR) [17] . LVM was determined using a validated formula [18] . Ejection fraction was calculated using the biplane Simpson formula [19] . Fractional shortening was calculated using the LV internal dimensions.
Pulse Wave Velocity
Brachial-ankle PWV was measured automatically in the supine position with a volume-plethysmographic apparatus (PWV/ABI; Colin Co., Ltd., Komaki, Japan) [20] . The average of the left and right brachialankle PWVs in each subject was used as the PWV.
Statistical Analyses
Data are presented as means ± SD. Because of the known influence of sex on body composition, the analyses were performed separately for boys and girls. We conducted path analyses to investigate the full range of interrelations (total and direct) between body composition variables (FFM, adipose mass, WC) and cardiovascular parameters including SV, CO, HR, systolic BP (SBP), pulse pressure (PP), and LVM [21] . A path diagram was constructed based on previous findings, theoretical rationales, and stepwise multiple regression analyses with the criterion of p < 0.05 for a variable to enter the model. Age-adjusted partial correlations between body composition and cardiovascular functions (systolic and diastolic functions and PWV) were analyzed. Standardized estimates (path coefficients) in path analyses and correlation coefficients in partial correlation analyses were used to estimate the strength of correlations between dependent and independent variables. Two-tailed p values < 0.05 indicated statistical significance.
Identification of a subject as being overweight (BMI > 85th percentile) was assessed based on age-and sexspecific BMI reference charts for Korean adolescents [22] . We analyzed the associations of being overweight with cardiovascular parameters and functions by using Student's t test. The level of significance was set at p < 0.05.
Results

Participants
Complete sets of data were obtained for 676 adolescents: 397 boys and 279 girls. The ages of the participating boys and girls had similar means and ranged from 12 to 16 years. As shown in table 1 , adipose mass and percentage of body fat were greater in girls, whereas all other measures of body size, composition, and BMI were greater in boys. Cardiovascular parameters, including SV, CO, LVM, SBP and PP, were higher in boys. Boys and girls showed similarities in HR, systolic and diastolic function, and PWV.
Correlations of Body Composition with Cardiovascular Parameters
We analyzed the partial correlations of body composition variables (FFM, adipose mass, WC) with cardiovascular parameters (SV, CO, SBP, PP, LVM) adjusted for age ( table 2 ). SV and CO correlated with FFM, WC and adipose mass in both boys and girls. SBP and PP positively correlated with FFM, WC, and adipose mass in both sexes. Positive correlations of LVM with FFM, WC, and adipose mass were also observed in boys and girls.
Path Analyses of the Effects of Body Composition on Cardiovascular Parameters
We used a structural equation model to analyze the complex effects of body composition on cardiovascular parameters by means of path analysis, which allows for the simultaneous conduction of multiple linear regression analyses ( fig. 1 ) [21] . We performed stepwise multiple regression analyses to determine which variables would enter the model with the criterion of p < 0.05 before the construction of the path diagram.
The path model exhibited good fit across a number of model fit indices in boys and girls: χ 2 = 21.01 (df = 17, p < 0.01) in boys and = 13.21 (df = 16, p < 0.01) in girls; probability level = 0.223 in boys and = 0.658 in girls; root mean square error of approximation = 0.025 in boys and < 0.001 in girls; comparative fit index = 0.998 in boys and = 1 in girls ( fig. 1 ). 9.7 ± 0.9 9.6 ± 0.9 NS WC = Waist circumference; FFM = fat-free mass; SV = stroke volume; CO = cardiac output; HR = heart rate; SBP = systolic blood pressure; PP = pulse pressure; PWV = pulse wave velocity; NS = nonsignificant. The direct effects of the variables are shown in table 3 . In boys, SV was affected by FFM and WC. Adipose mass or age was not related to SV. HR correlated positively with WC but negatively with SV and age. FFM and adipose mass had no effect on HR. When CO was substituted for SV and HR, CO positively correlated with FFM and WC, but not with adipose mass. SBP was positively correlated with WC, FFM, and HR. On the other hand, SBP showed no association with adipose mass, SV, or age. SBP was a major determinant of PP. SV and HR had positive and negative effects on PP, respectively. None of the body composition variables nor age had a direct effect on PP. In the absence of SBP, PP showed positive relations to FFM (standardized estimate = 0.240; p < 0.001) and WC (standardized estimate = 0.317; p < 0.001), but not to adipose mass. LVM was determined primarily by FFM, followed by SV, but not by WC, adipose mass, HR, SBP, PP, or age.
In girls, FFM and adipose mass, but not WC or age, were related to SV. HR correlated positively with adipose mass and negatively with SV and age. FFM or WC had no effect on HR. When CO was substituted for SV and HR, CO was associated with FFM and adipose mass, but not with WC or age. SBP was positively correlated with adipose mass, FFM, and HR. SBP was not associated with WC, SV, or age. SBP was a main determinant of PP. PP correlated posi- tively with SV and negatively with age. None of the body composition variables nor HR had any correlation with PP. In the absence of SBP, PP correlated with FFM (standardized estimate = 0.156; p = 0.023) and adipose mass (standardized estimate = 0.293; p < 0.001), but not with WC. LVM correlated with adipose mass, SV and SBP, but not with FFM, WC, HR, PP, or age.
In summary, the direct effect analyses showed that FFM was associated with SV, CO, and SBP in both sexes. Negative correlations of HR with SV and age were observed in boys as well as in girls. SBP was affected by HR, and PP correlated with SV and SBP in both sexes. Additionally, LVM positively correlated with SV in boys as well as in girls. The total effects of the variables are shown in table 4 . In boys, SV was affected by FFM and WC, but not by adipose mass or age. HR was related negatively to FFM, SV, and age and positively to WC, but not to adipose mass. SBP correlated with FFM, WC and HR, but not with adipose mass, SV, or age. PP had a relation to FFM, WC, SBP and SV, but not to adipose mass, HR, or age. LVM was influenced by FFM and SV, but not by WC, adipose mass, SBP, PP, HR, or age.
In girls, SV was correlated with FFM and adipose mass, but not with WC or age. HR was related negatively to SV and age and positively to adipose mass, but not to FFM or WC. SBP was influenced by FFM, adipose mass and HR, but not by WC, SV, or age. PP showed relations to SBP, FFM, adipose mass, HR and age, but not to WC or SV. LVM was affected by adipose mass, SBP and SV, but not by FFM, WC, HR, PP, or age.
In summary, SV, SBP, and PP correlated with FFM in both sexes, with WC only in boys, and with adipose mass only in girls. HR was affected by FFM and WC in boys and by adipose mass in girls. LVM turned out to be associated with FFM in boys and with adipose mass in girls.
Correlations of Body Composition with Cardiovascular Function
In age-adjusted analyses of the relations between body composition and cardiovascular function, FFM, adipose mass, and WC had no effect on ejection fraction, fractional shortening, or E velocity in boys or girls ( table 5 ). The A velocity was positively related to adipose mass and WC, but not to FFM, in boys. In girls, the A velocity was associated with adipose mass, but not with FFM or WC. Adipose mass, but not FFM, had a negative correlation with the E/A ratio in both boys and girls. WC correlated negatively with the E/A ratio in boys, but not in girls.
No relation was observed between the E/A ratio and LVM in boys (β = 0.041; p = 0.412) or girls (β = 0.028; p = 0.644). PWV correlated with WC only in boys and with adipose mass only in girls. There was no relation between PWV and FFM in both sexes.
Correlations of Overweight with Cardiovascular Parameters and Functions
Overweight participants had higher SV, CO, and LVM than those of normal weight in both boys and girls, whereas normalization for body surface area eliminated these differences between the normal-weight and overweight groups ( table 6 ) . SBP, diastolic blood pressure (DBP), and PP were higher in the overweight than in the normal-weight group in both sexes. There were no differences in ejection fraction, fractional shortening, E velocity, A velocity, or E/A ratio between normal-weight and overweight participants in either sex. Overweight participants had a higher PWV than normal-weight participants in boys, but not in girls.
Discussion
In the present study, we investigated the relations between body composition and cardiovascular system parameters in adolescents. We found that cardiovascular parameters and functions correlated with body composition variables (FFM, adipose mass, WC) differently in boys and girls.
Correlations of Body Composition with Cardiovascular Parameters
Without adjustment for other body composition variables, all body composition variables (FFM, adipose mass, and WC) were well correlated with SV, CO, SBP, PP, and LVM. However, these positive correlations between individual body composition variables and cardiovascular parameters might be confounded by the indirect effects of other body composition variables, since FFM, adipose mass, and WC may be correlated with each other.
To determine the true independent effects of body composition variables on cardiovascular parameters, we performed a path analysis which provides the full range of relations between variables. The main findings of the path analysis are as follows: i) SV and SBP were associated with FFM and WC in boys and with FFM and adipose mass in girls in direct-and total-effects analysis. ii) HR had a correlation with WC in boys and with adipose mass in girls in direct-and total-effects analysis. In total-effects analysis in boys, FFM had a negative correlation with HR, while it did not directly affect HR. iii) PP was not directly influenced by any of the body composition parameters in either sex. However, in total-effects analysis, PP correlated with FFM and WC in boys and with FFM and adipose mass in girls. iv) LVM was affected by FFM in boys and by adipose mass in girls in direct-and total-effects analysis. WC did not correlate with LVM in either sex in direct-or total-effects analysis.
Correlations of Body Composition with Stroke Volume and Cardiac Output
FFM consists of organ cell mass and non-fatty tissues, including tendons, ligaments and bones, which generate the majority of metabolic activity in the body and govern its total oxygen demand. Up to 99% of the body metabolism takes place in body cell mass [23] . Since CO is closely related to metabolism, FFM is a major determinant of the required CO and SV with a given HR.
In addition, adipose tissue is related to increased blood flow. To prevent hypoxic damage of adipose tissue and to transport metabolic factors, including adipocyte progenitors, increases in circulating blood volume in adipose tissue are required to maintain adipose mass [24] . During puberty, sex hormones act differently towards adiposity in boys and girls; the total adipose mass decreases in boys and increases in girls [25] . Girls expand peripheral (subcutaneous and gluteal) fat rather than central (intra-abdominal) fat [26] , whereas boys accumulate fat primarily in the abdominal area [27] . Thus, it may be that blood flow parameters (SV and CO) are associated with total fat in girls and central fat in boys.
Correlations of Body Composition with Blood Pressure
BP (SBP and PP) is determined by blood flow and vascular impedance, which is influenced by vascular stiffness and contraction. As mentioned above, blood flow is associated with FFM in both boys and girls, with adipose mass in girls, and with WC in boys. Thus, these effects of body composition on blood flow patterns contribute, in part, to the determination of BP.
Adipose tissue is known to play important roles in vascular impedance (vascular stiffness and contraction) [28] . Adipose tissue releases free fatty acids and thereby induces the accumulation of free fatty acids in multiple organs, contributing to insulin resistance [29] and increased adrenergic activity [30] and resulting in increased vascular tone [31] . During puberty, sex hormones react differently with adipose tissue in girls and boys. In boys, the male sex hormone testosterone induces lipolysis of general body fat and accumulation of central fat [32] . General body fat is used as a fuel in protein synthesis and muscle fiber growth, whereas central fat has a deleterious effect on vascular walls. In girls, the general fat mass increases because of endocrine factors that counteract growth hormone effects, including regionalized expression of estradiol receptors [27] , possibly resulting in increased vascular stiffness. The female sex hormone estrogen stimulates lipolysis in abdominal fat deposits and promotes the use of lipids as a fuel by muscles instead of accumulating free fatty acids [33] ; the net effect is a reduction in central adiposity [34] . The direct effects of body composition on BP and PWV analyzed in this study as well as in previous studies [35] are well consistent with this theory.
Correlations of Body Composition with Left Ventricular Mass
Previous studies investigating the correlations between LVM and mechanical factors (volume load and pressure load) showed that LVM correlated more closely with SV than with BP [36, 37] , as observed in the present study. FFM is related to LVM, probably because of the effects of FFM on hemodynamic factors (blood flow and pressure) [38] . Alternatively, genetic and hormonal influences that affect FFM growth may also directly affect the heart, resulting in cardiac hypertrophy. Accordingly, the expansion rate of FFM may be an indicator of these genetic and hormonal influences on the heart [39] . During puberty, FFM rapidly expands in boys, but not in girls [25] . Thus, it can be speculated that the factors that induce the increases in both FFM and LVM are more active in boys than in girls. Therefore, FFM correlates with LVM better in boys than in girls, as seen in our data.
Adipose tissue is also a correlating factor of LVM. A previous study reported that fat tissue might mediate LVM increases by insulin resistance [40] . Insulin may influence cardiac geometry by its growth-stimulating, sodium retention, and other neuroendocrine effects [7] . Adipose tissue may induce circulating angiotensin II, which promotes myocardial tissue growth and influences aldosterone, which may mediate myocardial fibrosis [41] . As mentioned earlier, fat from adipose tissue is metabolized as fuel in boys and increases in girls during puberty [25] . Thus, adipose mass may correlate with LVM only in girls, as we observed.
Correlations of Body Composition with Cardiac Function
Most studies using echocardiography, including ours, have shown that adiposity can affect LV diastolic function, but not systolic function [42] . These findings suggest that LV systolic function, but not diastolic function, is well preserved in the presence of the metabolic impact of fat tissue.
Cardiac diastolic function is known to be related to cardiac geometry and composition [42] [43] [44] . As noted above, adipose tissue causes insulin resistance and renin-angiotensin-aldosterone and sympathoadrenal system activation [42, 45, 46] , which promotes cardiac hypertrophy and fibrosis and may thereby induce LV diastolic dysfunction. Consistent with this, our results showed that adipose mass correlated with the A velocity and the E/A ratio in both boys and girls. Probably because of the effects of estrogen on visceral fat, WC was associated with the A velocity and the E/A ratio only in boys. According to our data, simple LV hypertrophy seems not to affect diastolic function during adolescence because the A velocity and the E/A ratio showed no relation with LVM in boys or girls.
Correlations of Overweight with Cardiovascular Parameters and Functions
When comparing normal-weight and overweight groups, blood flow (SV and CO), BP (SBP, DBP, and PP), and LVM were higher in the overweight group in boys as well as in girls. The overweight group was determined according to the BMI percentile. These results show that the sum of body composition variables is well correlated with blood flow, BP, and LVM in both sexes, as inferred from the analyses of the individual body composition effects. When normalized with body surface area, overweight did not increase blood flow or LVM. Interestingly, it can be speculated that peripheral vascular resistance is greater in the overweight group in both sexes as evidenced by the higher DBP in the overweight participants, suggesting that there are no sex differences in this parameter despite the differences in the location of the additional fat mass.
Among the cardiovascular function parameters (ejection fraction, fractional shortening, E velocity, A velocity, E/A ratio and PWV), overweight was associated only with PWV in boys.
One of the limitations of our study is that we did not measure the Tanner stage or sex hormones, which might have affected the accuracy of the analyses of pubertal effects. Investigation of lipid profiles, cytokines, insulin resistance, sympathetic nervous system activity, renin-angiotensin-aldosterone system activity, eating behavior, and physical activity could have provided additional information about underlying mechanisms. We did not measure hemoglobin concentrations, which might have affected the hemodynamic correlations. Measurement errors in the BIA may have attributed a certain portion of FFM to adipose mass, thereby overestimating the effects of adipose mass on cardiovascular parameters and functions. In order to clarify the association of body composition with the cardiovascular system during adolescence, further studies should include direct measurements of abdominal visceral fat in addition to the above mentioned measurements.
